We investigate constraints on the abundance of primordial black holes (PBHs) in the mass range 10 15 − 10 17 g using data from the Cosmic Microwave Background (CMB) and MeV extragalactic gamma-ray background (EGB). Hawking radiation from PBHs with lifetime greater than the age of the universe leaves an imprint on the CMB through modification of the ionization history and the damping of CMB anisotropies. Using a model for redshift dependent energy injection efficiencies, we show that a combination of temperature and polarization data from Planck provides the strongest constraint on the abundance of PBHs for masses ∼ 10 15 − 10 16 g, while the EGB dominates for masses 10 16 g. Both the CMB and EGB now rule out PBHs as the dominant component of dark matter for masses ∼ 10 16 − 10 17 g. Planned MeV gamma-ray observatories are ideal for further improving constraints on PBHs in this mass range.
I. INTRODUCTION
Shortly after the Big Bang, large density fluctuations in the early Universe may have resulted in formation of primordial black holes (PBHs) [1] . There is a wide range of allowed masses for PBHs. Depending on the epoch and conditions during formation, PBH masses can be anywhere from approximately a gram to a million Solar masses. While low mass PBHs would have already evaporated through Hawking radiation [2] , large ones with masses M BH > 5×10 14 g would still be present today. It is also possible to have prolonged PBH formation during a non-radiation-dominated phase of the Universe where PBHs can form with a continuum mass distribution, rather than mostly at one particular mass scale as in the conventional radiation dominated case [3, 4] . Stable PBHs can be cosmologically-significant, and may serve as an ideal dark matter candidate [5] .
Depending on the PBH abundance, Hawking radiation from PBHs with lifetime longer than the age of the universe may be observable. Extragalactic gamma rays strongly constrain PBHs in the mass range ∼ 10 15 − 10 17 g [5] . PBHs in the mass range ∼ 10 17 − 10 20 g are bounded by femtolensing of gamma-ray bursts [6] , and PBHs in the mass range ∼ 10 −10 − 10 M are constrained by gravitational microlensing [7] . In addition, PBHs with mass 10 M may be constrained by the accretion of matter in the early universe [8] [9] [10] . Black holes at approximately this mass are constrained by X-rays observations [11] . For recent comprehensive reviews on astrophysical constraints on PBHs see Refs. [12, 13] .
In this paper we present a new bound on PBHs in the mass range ∼ 10 15 − 10 17 g using the most recent Planck Cosmic Microwave Background (CMB) data [14] . The CMB is sensitive to additional sources of energy injection during the recombination epoch, which leads to damping of the anisotropies. For PBHs, this energy injection is due to Hawking radiation. As we show, the Planck data now place a stronger bound on PBHs over a larger fraction of this mass range than previous most stringent bounds derived from the extragalactic gamma-ray background (EGB). Previous authors have used Planck data to bound PBHs in the mass regime that we study [15] ; as discussed below we precisely identify the mass regime over which the CMB and EGB bounds are dominant. In addition we note that our analysis is distinct from previous studies that used early-time distortions of the CMB to bound PBHs in the mass range 10
11 − 10 12 g [16] . The theoretical formalism that we utilize to constrain PBHs is similar to that used to constrain dark matter annihilation or decay [17] [18] [19] [20] [21] . From the perspective of the CMB, PBH evaporation is most similar to dark matter decay in that the energy injection only depends on the PBH mass and abundance, and is at a steady rate to the present time. This energy injection can have a significant impact on ionization at low redshift. However unlike the energy from dark matter, which can be injected in the form of heavy Standard Model particles, PBHs with mass > 10 15 g mostly radiate in electrons and photons, or other (near) massless species, but generally not into much heavier particle species. Because PBHs with mass > 10 18 g are too cold to emit electrons, their injection into the CMB is unobservable, and the bounds are weak above this mass. This paper is organized as follows. In Section II we briefly discuss the injection of radiation from PBHs. In Section III we discuss the impact of this injected energy on the IGM. In Section IV A, we show the modifications on the ionization history, and in Section IV B we discuss CMB distortions. In Section IV C we show the resulting constraints on PBHs, and Section V presents the discussion and conclusions.
II. BLACKHOLE RADIATION PROPERTIES
Depending on their mass, PBHs radiate a spectrum of particles, which decay via cascades into photons, electrons, protons, and neutrinos. These particles then deposit energy into the IGM. The injection of energy is described by the equation
where n BH is the PBH number density, ρ c is the critical density of the Universe today, M BH is the PBH mass, Ω BH is the PBH density observed today relative to the critical density. Note that the above equations assume that PBHs are comprised of a single mass and the mass does not changes as it radiates. This is satisfied as long as the lifetime is large compared to the age of the universe and is satisfied by the masses considered in this work. Apart from some cosmetic differences, Equation (1) is identical to that for decaying dark matter [22] .
In order to evaluate Equation (1), an expression forṀ BH is required. To obtain this, we start from the fact that Hawking radiation equates the radiation from a black hole to the blackbody radiation of an object with temperature
and with an emission spectrum
where s is the spin of the radiated particle and Γ s is the absorption coefficient for the particle. For low T BH the absorption coefficient can deviate greatly from the geometric optic limit [23] ,
For Standard Model particles, the average radiated energy in the massless limit is [5] 
For PBHs with masses in the range 10 15 − 10 17 grams, the fraction of emitted particles of different spins is [23] f 0 = 0.267, f It should be noted that these fractions are not normalized to unity, but rather to a 10 17 g PBH. With this information the energy injection in Equation (1) can be evaluated after using [5, 23] 
Since only the electrons and photons interact electromagnetically for the PBH masses considered, these are the only fractions that need to be considered for calculating the energy output.
III. MEDIUM INTERACTIONS
The energy deposited into the IGM by PBHs is absorbed through multiple channels. Following previous studies, here we consider three channels for the IGM interaction: Hydrogen ionization, Lyman-Alpha excitations, and heating the IGM [21, 26, 27] . These effects alter the cosmological recombination equations as
where f He is the helium fraction, x e is the ionization fraction, k B is the Boltzmann constant, and H(z) is the Hubble parameter. The standard equations without additional energy injection from PBHs are denoted by the subscript "orig" and are derived in e.g. Ref. [28] . The quantities I Xi (z), I Xα (z), and K h are factors corresponding to the additional energy injection affecting ionization from the ground state, ionization from excited states, and heating the IGM. Each of these injections are dependent on the injection energy through
Here n H is the hydrogen number density, and E i and E α are the energies of the ground and the excited hydrogen atom electron levels respectfully. The quantity C is related to the probability for an excited hydrogen atom to emit a photon prior to being ionized [18] . The quantities
are efficiencies for energy interactions through each channel. Commonly referred to as effective efficiencies, they are redshift, energy, and species dependent quantities that equate the total energy injection to the actual amount absorbed through a pathway [21] . Previously, these efficiencies have been approximated by simple x e dependent equations, with the energy injection taken to be instantaneous, through a technique known as the "SSCK" method, described in further detail in Ref. [18, 19] . To calculate the effective efficiencies, we follow the approach adopted in Ref. [20, 21] . These efficiencies have been tabulated for electron and photon particle injection into the IGM at various redshifts and particle energies, and divided into five different channels: Hydrogen ionization, Helium ionization, Lyman-alpha excitations, heating, and continuum photons (energy lost as photons with E < 10.2 eV) [20] . The Hydrogen, Lyman-alpha, and heating efficiencies were used to calculate the various efficiencies in Equations (10), (11) , and (12). We do not consider Helium ionization because it is subdominant.
We additionally note that we do not consider energy deposited into continuum photons. This is because continuum photon energy affects the CMB mostly through spectral distortions rather than through anisotropies, and the anisotropies are the focus of this paper. The impact on spectral distortions is also less significant than on anisotropies [20] ; a basic demonstration of this is given in the Appendix.
Refs. [20, 21] tabulate efficiencies specifically for decaying and annihilating dark matter into electron and photon channels. These efficiencies are specifically valid for a small ionization fraction, in which case the efficiency scales linearly with ionization fraction. For dark matter decay, the energy injection is linearly proportional to the density, and for annihilation it is proportional to the density-squared. From Equation 1, the radiation from PBHs is linearly proportional to density, therefore this is most analogous to dark matter decay. For this reason, we utilize the decay efficiencies to produce black hole efficiencies. To obtain the PBH efficiency, we assume that PBH injected particles have the same efficiency as those with the average energy for its species. Combining the different species efficiencies through a weighted average based upon their emission fractions gives
Using the decay efficiencies from Refs. [20, 21] , Figure 1 shows the effective efficiencies for PBH Hawking radiation for the mass range considered in this work. It should be noted that there appears a location where the efficiency drops drastically for all channels used in altering the ionization history, and this location shifts to later times for increasing temperatures. This drop will have a direct impact on the constraints for a given PBH mass. 
IV. RESULTS
To model the energy injection from PBHs and its impact on the recombination history and CMB, we utilize the CAMB [29, 30] and HYREC [28] codes. We incorporate two new parameters into the code, the PBH mass, m BH , and the ratio of the PBH density to the total dark matter density, Ω BH /Ω DM . With this modification to the recombination history, we fit CMB data using the COSMOMC code [31, 32] . In Section IV A we determine how PBH energy injections alter the ionization history, in Section IV B we determine the general effects the energy injection has on CMB anisotropies, and in Section IV C we present constraints on the PBH density.
A. Recombination History
The alterations to x e and T IGM are shown for a few example PBH masses in Figure 2 . The percent change relative to the standard model with no PBHs is indicated. Figure 2 shows that there is only a minor variation relative to the no PBH case in both x e and T IGM at large redshifts, with the significant deviations only apparent at ∼ z = 200 − 300. The minimal deviation at high redshift supports the use of the effective efficiencies [19] . For standard values of the Ionization fraction (left) and temperature of the IGM (right) due to PBH energy injection using effective efficiencies (top), using the "SSCK" prescription (middle), and percent change from the no PBH case (bottom). Bounds on the parameters are also plotted. The PBH density Ω BH for each mass is taken to be at the 95% confidence limit discussed in this work. The legend applies to all graphs.
cosmological parameters, x e and T IGM are both well below the observational limits on these quantities [24, 25] , 
We note that contributions from reionization and structure formation are not included in the calculation, though it may be possible that PBHs around the mass that we study can represent a significant contribution to reionization [26] . Since there is a large variation in the ionization fraction at later times, assumptions made about the effective efficiencies weaken. In order to observe possible errors introduced due to this large deviation, an ionization history developed using the "SSCK" prescription [18, 19] and the same cosmological parameters is also given in Figure 2 .
While there is again a large variation at late times, up to two orders of magnitude, x e and T IGM are still far below the observational constraints. Additionally during the period of interest at high redshift, they have only minor variation relative to the standard no PBH case.
B. CMB Anisotropies
PBHs also affect the measured CMB anisotropy power spectrum. Here we discuss the affect on the TemperatureTemperature (TT), Temperature-Polarization (TE), and Electric Polarization-Polarization (EE) power spectra. In Figure 3 , TT, TE, and EE correlations are given for example PBH masses, assuming Ω BH composes all of the dark matter. As can be expected, larger changes arise from smaller mass PBHs due to both their larger radiation rate as well as their higher number density at equal mass densities.
The energy injection results in a scale-dependent deviation from the standard case with no PBHs; there is an increase in the power spectrum at small multipoles and a decrease at large multipoles. This behavior can be understood by noting that the width of the last scattering surface increases because of the PBH energy injection. Perturbations on scales smaller than the width of the last scattering surface are suppressed, as can be seen most easily seen for TT correlations. In addition the TE and EE spectra shift with an energy injection. These shifts are due to monopole perturbations to the quadrapole polarization that are introduced with the increased width of the scattering surface [33] .
C. PBH constraints
To place constraints on the abundance of PBHs, we fit the simulated spectra to Planck half mission data [14] . The likelihood used was TT, TE, EE+lowP for l ≥ 30 and a Temperature-Electric Polarization-Magnetic Polarization correlation for l ≤ 29. Figure 4 shows the posterior probability densities for a few example cosmological parameters, both with and without PBHs. As can be seen, the distributions are consistent with each other, up to minor shifts well within experimental uncertainties. Note that this has been highlighted in previous studies of the impact of dark matter annihilation and decay on the CMB [22] .
Since there is little variation in the base cosmological parameters, for computational convenience to set upper limits on Ω BH we take the six principle cosmological parameters to be fixed at their best fit values in the case of no additional energy injection [34] . Figure 5 shows the result of the 95% confidence limit, where the confidence limit is defined as the cumulative distribution centered around the median, which corresponds closely to the peak of the distributions in Figure 5 . The constraint follows the expected inverse cube relationship to the PBH mass which is predicted by the energy injection formula.
In addition to the cubic dependence on mass, there is also a highly nonlinear relationship to the effective efficiency. This nonlinearity is most prevalent at a PBH mass around 1 − 4 × 10 16 g. Comparing effective efficiencies, in Figure  1 , the trend is correlated with the efficiency values that occur near the time of recombination. As the efficiency value decreases, it is required for a larger amount of total energy to be created in order to produce the same effect. For this reason, as the efficiency experiences a large decrease, the allowable maximum mass fraction increases.
We note that since the six base cosmological parameters were fixed, the PBH abundance may be more strongly constrained than in a model in which more parameters are allowed to vary. To check this, we compare to the case in which the base cosmological parameters are allowed to vary for a single PBH mass of 2 × 10 16 g. We find that by freeing all of the cosmological parameters, the constraint on Ω BH may be weakened by up to a factor of three. However, as stated above for computational convenience we have decided to fix the base cosmological parameters for our main bounds on Ω BH .
As indicated above previous analyses have used the EGB to constrain PBHs in the mass regime 10 15 − 10 17 g [15] . Since PBHs emit a mass-dependent gamma-ray spectrum, there is an upper bound on their density before they would be excluded by EGB measurements. Following the prescription outlined in Ref. [5] , the number density of photons n γ0 with energy E γ0 and their intensity is
where t min is the time when photon creation begins. The quantityṄ γ /E γ (M BH , E γ ) is the photon spectrum given by Equation (3), which we take at the high energy limit. For PBHs in the mass range studied, peak intensity occurs at ∼ 1 − 30 MeV. Constraints were derived by matching the intensity to the upper bound of the COMPTEL EGB experimental data [35] . EGB constraints are also shown in Figure 5 as well as those imposed by femtolensing [12] . We find that Planck provides the strongest constraint on the abundance of PBHs for masses ∼ 10 15 − 10 16 g, while the EGB dominates for masses 10 16 g. Note that this conclusion differs from that of Ref. [15] . The Planck constraint deviates from a linear relation because of the model for effective efficiencies. for Ω BH at the 95% confidence level (shaded region) compared with the same exclusion bound enforced by EGB, assuming 100% of the background produced by PBHs (long dashes). Also included is an estimation for the bound that is imposed due to femtolensing (short dashes) considered in [12] .
V. CONCLUSIONS
PBHs are of great interest in cosmology. They reveal conditions in the early universe and can serve as a dark matter candidate. There are several standard mechanisms that have been proposed to detect PBHs; these include detection of Hawking radiation, detection of radiation produced from accretion disks, and gravitational lensing. Each method is capable of targeting different PBH mass ranges. In this paper, we have focused on PBHs with masses in the range 10 15 − 10 17 g. We have improved and made more precise the constraints in this mass range using the CMB and EGB. For our CMB bound, we model the energy absorption not as instantaneous, but rather using redshift dependent efficiency. The energy injection results in an increase in the ionization fraction at late times as well as an increase in the IGM temperature, leading to distortions of the CMB anisotropies. Larger fractional changes occur at large multipoles because of the increase of the width of the last scattering surface.
Using Planck data, we show that CMB distortions from Hawking radiation allow for stringent constraints on the density of 10 15 − 10 17 g PBHs of Ω BH 3.3 × 10 −9 (m BH /M ) 3.8 . We show that for mass ∼ 10 15 − 10 16 g, the CMB constraints are stronger than the constraints from the ∼ 1−30 MeV EGB, which imply, Ω BH 1.4×10 −8 (m BH /M ) 3.2 . Constraints imposed by CMB spectral distortions from Hawking radiation producing sub 10.2 eV photons are also much weaker than our constraint.
In the future, our theoretical analysis may be improved by including a mass spectrum of PBHs. In addition, even though we have used the EGB to bound the contribution of PBHs, it may be interesting to consider the EGB as a signal of PBHs. This is an exciting possibility because the origin of this ∼ MeV gamma-ray background is not yet known [37] [38] [39] . Future missions to measure MeV gamma-rays will be especially important for the study of PBHs [40] . Exclusion bounds for the fraction of dark matter that can be composed of black holes at the 95% confidence level compared with the same exclusion bound produced through spectral distortions. The various curves correspond to different integration limits in Equation (17) . The most constraining uses z = 0 to infinity, and the second uses z = 6 to infinity.
